The optical properties of gold nanoparticles were modulated through integration in one dimensional photonic crystals made of silica and titania nanoparticles. Silica coated gold colloids were used to create a controlled optical defect buried within a periodic multilayer. Matching of the cavity mode with different spectral regions of the localized surface plasmon resonance yields a fine control over the effective absorption of the ensemble. This was achieved by varying the structural parameters of the multilayer. We also demonstrate that subtle environmental changes have dramatic effects on the optical absorption properties of the ensemble. Our work experimentally demonstrates that designed photonic structures can be used to spectrally tune the absorption peak characteristic of metal colloids. 
Introduction
Enhancement and confinement of the electromagnetic field at length scales on the order of nanometers constitutes the subject of plasmonics, [ 5 F 6] One of the more characteristic features of metal particles is a well-defined resonant optical absorption peak at visible wavelengths caused by the excitation of localized surface plasmons.
[ 6 F 7] Such enhanced electromagnetic modes are particle size and shape-dependent and are confined in the boundary between a metallic bead and its dielectric environment, thus being also extremely sensitive to the refractive index of the surrounding medium. 9] At the same time, it implies that some type of coating is needed to stabilize their optical response versus environmental changes, which has boosted active research in methods to obtain core-shell structures, in which the outer layer is typically a dielectric material. 10] Once plasmonic interactions between neighboring particles are screened by a dielectric shell, the color of the metallic particle will depend exclusively on its size and shape, and these are actually the means commonly employed to control their absorption. Also, enhancement of the non-linear Kerr effect, that is, the variation of the refractive index with the squared electric field intensity, has also been observed in thick gold nanoparticle coatings of Bragg stacks.
[ 1 7 F 18] In these one-dimensional photonic crystals the metallic layer acts as an outer defect in which the electromagnetic field is partially localized, which is at the origin of the detected enhancement. Also, intense variations of the optical absorption have been predicted for both one -dimensional periodic structures containing arrays of noble metal particles. In spite of all these efforts, no experimental studies report on the controlled tuning and enhancement of the absorption properties of hybrid plasmonic-photonic materials as a result of the enhanced field localization in the vicinity of metal particles. The reason for this is probably the weak localization effects observed in three dimensional self-assembled photonic crystals, in which both dielectric contrast and the degree of order are low, or the difficulty to embed the metallic particles in actual optical resonators in which the localization effects are stronger.
Herein we demonstrate that the interplay between localized surface plasmons in gold nanoparticles and the field confinement effects occurring in optical resonators containing them leads to selective spectral enhancement and fine tuning of the optical absorption of the ensemble. Silica coated gold particles were integrated as a controlled defect layer into periodic stacks of nanoparticles with one dimensional photonic crystal properties to achieve the materials subject of this study. Also, the porous character of the final hybrid material is taken advantage of to analyze the dependence of the absorption spectrum upon the presence of different types of liquid compounds in the void network, which yields a precise response as a function of the refractive index of the guest.
Results and discussion
Stabilized gold nanoparticles used in our study were prepared following a wellestablished and generic procedure that has been thoroughly described before. 
21] The
particles present a gold core of 6.5 nm radius and a silica corona of 16 nm thickness, as can be seen in the transmission electron micrograph displayed in Figure 1 (a), and we label them as Au@SiO 2 particles. This coating was chosen since it has been shown that a 15 nm thick silica layer is enough to both screen the plasmonic interactions between neighboring gold cores and remove the dependence of the extinction spectra on the dielectric constant of the surrounding medium. [10] This was experimentally confirmed by comparing the visible extinction spectra of a suspension of Au@SiO 2 particles and that of a thin layer of them (Figures S1 and S2 respectively of the Supplementary information).
Optical resonators integrating metallic particles were built by introducing a middle layer of gold nanoparticles within one-dimensional photonic crystals comprising alternate layers of controlled thickness, made of silica and titania nanoparticles, which were deposited on flat glass substrates following a previously reported procedure.
[
representative cross section image of one of these ensembles is shown in Figure 1 (b). Optical characterization was carried out using a spectrophotometer attached to an integrating sphere operating in both total reflection and total transmission modes (both configurations are illustrated in Figures S3(a) and S3(b), respectively, of the Supporting is, the specularly reflected and ballistically transmitted beams, as well as the forward and backward diffuse light) from precisely the same area of the crystal, as well as to minimize losses caused by geometrical constraints of the device employed. Independent measurements made using a specular reflectance set-up show that diffusely scattered light accounts for less than 5% of the total scattered light, indicating that the multilayers present a low density of imperfections.
Representative results for one of the multilayers are shown in Figure 2 . It can be clearly seen in Figure 2 (a) that total reflectance (R T , black curve) and total transmittance (T T , red curve) display the typical spectral features of an optical resonator. The buried Au@SiO 2 layer acts as an optical defect that breaks the translational symmetry of the stack, thus giving rise to electromagnetic modes localized within the layer. In this example, the intensity reflected by the multilayers is maximum for 450 nm <<750 nm, and the transmission window caused by the resonant cavity mode opens up at around 535 nm (see vertical grey line). Optical absorptance, A, was calculated from the total reflectance and transmittance measurements using the formula A=1-R T -T T . The result is plotted in Figure 2b for the resonator containing Au@SiO 2 particles (orange curve), for a resonator with similar spectral features but without metal particles (green curve), which was used as a test of the reliability of our measurements, and for a reference layer of Au@SiO 2 particles of the same thickness (as confirmed in the FESEM, see Figure   S1 ), deposited on a thin film of TiO 2 nanoparticles (black curve). The resonator used as a blank shows a nearly flat spectrum, which allow us estimating the absolute absorptance measurement error to be always less than 3% (see Supplementary Information, Figure S4 ). For the optical resonator containing Au@SiO 2 particles, maximum absorption is now centered at a wavelength that coincides with the resonant mode of the optical cavity (as indicated by the vertical grey line), with an absorptance intensity that is almost double than that in the reference. The absorptance peak is slightly red-shifted with respect to that measured from the reference layer. It should also be noted that absorption of light with wavelength within the photonic band gap but offresonance is lower that in the reference layer, which is due to the screening effect of the photonic crystal mirror. This example illustrates well the effects arising from the interplay between the optical cavity and the intrinsic localized surface plasmon resonance of the Au@SiO 2 particles, i.e. spectral shift and selective enhancement of the absorption by the metallic particles. Further evidence of the effect of this interplay was achieved by infiltrating the porous network of the photonic crystal with liquids of different refractive index n. As it has been demonstrated earlier, [22] this causes an effective red-shift of the optical cavity resonance. Isopropanol (n=1.377), toluene (n=1.497) and chlorobenzene (n=1.525) were employed. For the sake of clarity, only the total reflectance spectra recorded after each infiltration are displayed in Figure 3a , but full reflectance and transmittance spectra can be consulted in the supporting information ( Figure S5 ). Absorptance spectra are shown in Figure 3b . It can be clearly observed that upon infiltration of the pores, the absorptance spectra display a double peak structure, as a consequence of two different enhancement effects that occur simultaneously. On one hand, photon modes with wavelength matching that of the cavity resonance are localized at the Au@SiO 2 layer, thus increasing their absorption (see vertical lines in Figure 3 ). As the refractive index of the pores increases when liquid is infiltrated, this phenomenon takes place at longer wavelengths, as seen in Figure 3b . At the same time, since the whole photonic crystal is porous, the Bragg peak is red-shifted and at some point its higher energy edge will also match the absorption band of the Au@SiO 2 particles. Those photon modes will be preferentially localized within the lower dielectric constant layers of the stack, including the Au@SiO 2 mid-layer, hence providing a second source of absorptance enhancement.
Further analysis of this band edge enhancement effect is presented as supplementary information. In Figure 3 It can be readily identified in Figure 4 , where results are presented, regions where field intensity is enlarged or reduced. All selective absorption reinforcement phenomena observed are due to preferential confinement of the resonant electromagnetic modes within the layers containing Au@SiO 2 nanoparticles. In few words, the increase of the photon density of states caused by confinement in specific slabs of the multilayer implies a lower group propagation velocity for those modes, 
Conclusions
In conclusion, we have shown that the interplay between localized surface plasmons of gold nanoparticles and the field confinement effects occurring in optical resonators containing them can be used to achieve spectrally selective enhancement of the optical absorption of the ensemble. We have also demonstrated that the porous nature of the final hybrid material provides a means to precisely control the absorption spectrum of the multilayer as a function of the refractive index of guest compounds. These novel hybrid plasmonic-photonic materials might provide new ways of controlling the optical response stemming from localized surface plasmon resonances in metal particles.
Experimental

Preparation of nanoparticle colloids
Au@SiO 2 nanoparticles were synthesized by a previously reported method. [21] In brief, a silane coupling agent (3-aminopropylmethoxysilane) was used to make the surface of the gold particles vitreophilic. When put into contact with silicate anions at pH close to 8, the silane modified particles were coated by a homogeneous silica shell that allowed transfer to ethanol. The final thickness of the silica shell was controlled by subsequent growth by basic hydrolysis and condensation of tetraethoxysilane in an ethanol/ammonia mixture. The sample used here contained Au@SiO 2 nanoparticles with a core diameter of 13 nm and a 16 nm shell thickness, with a concentration of 2 wt% in methanol, adjusted by centrifugation and redispersion.
TiO 2 nanoparticulated sols were synthesized using a procedure based on the hydrolysis of titanium tetraisopropoxide (Ti(OCH 2 CH 2 CH 3 ) 4 , 97% Aldrich, abbrev.
TTIP) as it previously described. [22] Briefly, TTIP was added to Milli-Q water, the white precipitate filtered and washed several times with distilled water. The resulting solid was peptized in an oven at 120º C for 3 hours with tetramethylammonium hydroxide (Fluka). Finally, the suspension was centrifuged at 14,000 rpm for 10 min. SiO 2 nanocolloids were purchased from Dupont (LUDOX TMA, Aldrich). Both suspensions were diluted in methanol with concentrations between 2 wt.% and 4 wt.% and then filtered using syringe driven filters (Millipore) of 0.45 µm and 0.22 µm for 30 nm diameter SiO 2 and 13 nm diameter TiO 2 particles, respectively.
Preparation of one-dimensional photonic crystals containing Au@SiO 2 nanoparticles
Photonic crystals were built by alternate deposition of TiO 2 and SiO 2 nanoparticulated suspensions, following a generic procedure previously reported. [22] These sols were deposited over zero fluorescence glass (Proscitech) using a spin coater (Laurell WS-400E-6NPP) in which both the acceleration ramp and the final rotation speed could be precisely determined. The first layer was deposited using 200 µL of TiO 2 sol and the substrate was tilted and rotated to let the suspension cover the total glass surface. Then, the sample was accelerated up to different final speed, in order to control the thickness of each layer. The samples used as reference were deposited following similar conditions.
Characterization
Total reflectance and total transmittance spectra were obtained using a UV-visible scanning spectrophotometer (SHIMADZU UV-2101PC) attached to an integrating sphere. Specular reflectance was also obtained for comparison using a Fourier Transform IR spectrophotometer (Bruker IFS-66 FTIR) attached to a microscope and operating in reflection mode with a 4× objective with numerical aperture 0.1 (light cone angle 5.7º). TEM images were recorded with a JEOL JEM 1010 transmission electron microscope operating at an acceleration voltage of 100 kV. FESEM cross section images of the films were taken with a Hitachi S-4800 microscope operating at 2 kV.
Supporting information
Confirmation of the screening effect of interparticle interactions by the silica coating
In order to confirm the screening of the interparticle interactions caused by presence of a silica coating on the gold particles, we deposited a layer of Au@SiO 2 nanoparticles onto a flat glass substrate. The visible extinction spectra of the precursor colloidal suspension containing the Au@SiO 2 particles in a concentration of 2 vol. % was compared with that of a 250 nm thick layer deposited from it and that of the same layer with its void network infiltrated with isopropanol (refractive index n=1.38). We found that the absorption peaks occur at the same spectral position in all three cases, demonstrating the efficient screening effect of the silica coating. Similar layers were prepared to be used as references for all the conducted optical studies. The cross section of a typical reference sample as seen in the field emission scanning electron microscope (FESEM) as well as the optical absorption spectra of suspended particles as well as of both deposited and solvent infiltrated layers are shown in Figures S1 and S2 . Figure S1 . Scanning electron microscopy image of a cross section of a layer of Au@SiO 2 particles deposited by spin-coating the precursor suspension on a thin TiO 2 nanoparticle film, which was in turn deposited on glass. Similar layers were used as reference samples for the optical characterization experiments. . Reflectance (black curves) and transmittance (red curves) spectra of an optical resonator containing a mid-layer Au@SiO 2 particles (a) before and after being infiltrated with and after being infiltrated with (b) isopropanol (n=1.377), (c) toluene (n=1.497) and (d) benzene (n=1.525). These spectra were used to obtain the absorptance spectra shown in Figure 7 (b). Figure S6 . (a) Reflectance and (b) absorptance spectra of a standard photonic crystal without Au@SiO 2 nanoparticles before (magenta curve) and after being infiltrated with isopropanol (n=1.377, blue curve), toluene (n=1.497, orange curve) and benzene (n=1.525, green curve). No reinforcement effect is detected at blue-edge nor at red-edge frequencies, as expected.
Further analysis of the absorptance enhancement effect at photonic band gap blue edge.
Further analysis of this band edge enhancement effect was attained from samples in which one of the silica layers was substituted by a layer of Au@SiO 2 nanoparticles but designed so that no optical cavity mode was created. This was achieved by controlling the optical thickness, resulting from multiplying its thickness by its average refractive index, of the middle layer of Au@SiO 2 nanoparticles so that it was similar to the remaining silica layers in the multilayer. In this case, the only source of absorption increase is the coincidence between the optical absorption of the gold particles and the blue-edge of the photonic band gap. Total optical reflectance and absorptance spectra are displayed in Figure 4 for the as prepared multilayer before (magenta curves) and after being infiltrated with isopropanol (blue curves), toluene (orange curves) and benzene (green curves). The blue-edge shift and enhancement effect on the absorptance spectra can be readily seen. No reinforcement effect is detected at the red-edge frequencies, for which the electric field is concentrated within the higher refractive index TiO 2 layers. Theoretical calculations were performed using a transfer matrix approach, [26] as described earlier and using reported optical data for Au@SiO 2 nanoparticles. [27] Results were drawn for wavelengths:  1 , located at the blue-edge of the photonic band gap;  2 , at the optical resonance, for which the dip is observed in the reflectance spectrum;  3 , within the photonic band gap and for which reflectance is maximum;  4 , at the red-edge of the photonic band gap; and  5 , in the pass-band of the photonic crystal. All these wavelengths are highlighted in the reflectance spectrum plotted in Figure 4 (a). It can be clearly seen in the field distribution patterns plotted in Figure 4 (b) that light localizes preferentially within the lower refractive index layers (i.e., silica layers) for  1 , as expected for a mode in the higher energy band of a photonic crystal.
The electric field is even more intensely reinforced within the middle Au@SiO 2 layer for  2 , as expected for a resonant mode of the cavity. These modes show actually the highest absorptance in the experimental results presented. On the contrary, light transmission is blocked for  3 , thus showing a very short penetration dept, or localized within the higher refractive index non-absorbing titania layers for  4 , and  5 , thus a decrease of absorptance is observed. Furthermore, the same model was used to fit the absorptance spectra attained for two particular samples, i.e., the as-prepared optical cavity for which the resonance matches the maximum of the localized surface plasmon absorption peak (see Figure 2 ) and the same multilayer infiltrated with chlorobenzene (n=1.525, see green curves in Figure 3 ). Results are displayed in Figures 3(c) and 3(d) respectively. Both the absorption band shape and the reinforcement effects are wellreproduced by our model.
